E volution over billions of years has given rise to the development of highly specific and highly active biocatalysts, that is, enzymes that are incorporated in every living organism on earth. These proteins ensure a proper and effective conversion of various substrates under usually mild and ambient conditions, thus making them attractive candidates as active materials in biotechnological processes.
volution over billions of years has given rise to the development of highly specific and highly active biocatalysts, that is, enzymes that are incorporated in every living organism on earth. These proteins ensure a proper and effective conversion of various substrates under usually mild and ambient conditions, thus making them attractive candidates as active materials in biotechnological processes.
A particular sub-class within these biocatalysts are redox proteins. This class of proteins contains purely organic or metalorganic redox active sites ( Fig. 1a ) that use electrons to catalyse a certain redox reaction triggered under concomitant consumption of a natural electron donor/acceptor and in case of photoactive redox enzymes, work in combination with light [1] [2] [3] . The electrical connection or wiring of such enzymes to an electrode allows one to achieve control over the catalytic reaction, and hence catalysis can be triggered by simply adjusting the electrochemical parameters, for example, applying a suitable potential in a so-called bioelectrocatalytic process.
In times of enormous transitions in providing energy, the use of bioactive and bioinspired active materials that exclusively rely on earth-abundant elements are promising alternatives to replace scarce and expensive noble metal catalysts or inorganic semiconductors usually employed in current energy conversion technologies [4] [5] [6] [7] [8] [9] [10] . Moreover, a green and sustainable bioinspired approach may overcome problems related to climate change, shortage of fossil fuel, nuclear and coal-based energy conversion technologies 4, 5, 7 . This has been demonstrated at least at the lab-scale level for the production of value-added chemicals from atmospheric CO 2 or renewable biomass (generation of C x precursors) [11] [12] [13] [14] [15] , as well as the formation of the highly promising energy vector H 2 from water 3, 8, 16 .
Bioelectrocatalysis, which is governed by the same underlying principles that conventional electrocatalysis functions under, except using a biological active material instead of metal-based or fully inorganic catalysts 17 , is an important and emerging topic that has been impressively demonstrated by the steadily increasing number of publications in this research field since the mid-90s, from around 10 publications in 1995 to more than 80 in 2018 (Web of Sciences, 9 th July 2019). It generally covers a broad range of research areas, including the development of biofuel cells for energy conversion systems 10, [18] [19] [20] [21] , solar-to-energy and solar-to-chemical systems 7, 22, 23 as well as biodevices for energy storage 24, 25 . Since a detailed discussion of all these research areas would be far beyond the scope of this Review, we will focus on two major research topics in the field of bioelectrocatalysis, namely enzymatic biofuel cells (as an example of energy conversion devices) and biophotoelectrodes (as example of solar energy harvesting devices). Both are of particular importance as basis for the development of sustainable and ecologically friendly energy technologies.
Research efforts in enzymatic biofuel cell technologies are mainly focused on two fuel systems: H 2 and glucose 19 . The oxidant is usually O 2 , which is present in air in abundant amounts. While the application of glucose-powered biofuel cells is more related to the fabrication of autonomous and self-powered biodevices that are used as biosensing elements, especially in diabetes management 19, 26 , the high energy vector H 2 (the molecule stores 142 MJ kg -1 ) 27 is seen as promising fuel for future technologies, as it might replace fossil fuels by the implementation of H 2 -based (bio-)fuel cells 4, 5, 8, 27 . While for the cathodic process, efficient protocols have been developed to fabricate high-current density O 2 -reduction biocathodes based on highly active, stable and robust multi-copper oxidases like bilirubin oxidase or laccase (see ref. 28 for a recent overview), fabrication of stable high-current-density H 2 -oxidation bioanodes still seems to be rather complex. In this respect, hydrogenases 29 -natures' highly active biocatalysts for the reversible interconversion of H 2 -show catalytic rates similar to those of the noble metal platinum (the benchmark in many fuel cells applications) 30 , and are the most promising active materials for the manufacturing of high performance H 2 -oxidation bioanodes 9, 18, 19 . Hence, in this Review we will give specific attention to hydrogenase-based H 2 /O 2 -powered biofuel cells.
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Bioelectrocatalysis provides access to sustainable and highly efficient technological applications. However, several limitations related either to the intrinsic properties of the biocatalyst or to technical difficulties still hamper or even prevent the integration of such devices into technologically relevant large-scale processes. In this Review, we challenge the common viewpoint suggesting biology-based catalytic systems as a promising approach for the provision of sustainable stored energy and discuss the status of bioelectrocatalytic devices developed for energy conversion. In particular, we focus on two major research areas in the field, that is, H 2 -powered hydrogenase-based biofuel cells and biophotoelectrodes for solar energy harvesting. We identify the main limitations that have to be addressed to gain access to applied large-scale bio-based and bio-inspired advanced energy conversion systems. Moreover, we show recent examples and milestones that are paving the way towards potential realization of these technologies by overcoming existing limiting factors.
Photovoltaic technology exists nowadays at a global scale. However, considerably more efficient and cost-effective devices are essential for enabling the true potential of solar energy harvesting technology. In this regard, the fabrication of biohybrid devices that take advantage of photosynthetic organisms has been considered 31 , and researchers have devoted their efforts to the utilization and understanding of readily available photosynthetic organisms and photoactive constituents that have been already optimized by nature. Here, central attention is given to the capabilities of semi-artificial devices consisting of the integration of isolated photosynthetic protein complexes such as photosystem I (PSI), photosystem II (PSII) and bacterial reaction centres (RCs) with adequately designed and engineered electrode materials. Since natural photosynthesis has evolved to achieve a sustained operation at the expense of attaining a far-from-maximal light-to-product conversion 22 , it can be envisioned that losses in power conversion efficiency that occur at the different steps involved in natural systems, especially after lightinduced charge separation within the reaction centres, may be possibly overcome by extraction of the high energy electrons directly from isolated protein complexes performing charge separation and by appropriate interface with an electrode 32, 33 .
We will first identify general restrictions and method-related limitations for the performance of the above mentioned devices that hamper their use in real-world applications, and will then provide recent examples from the literature that show novel approaches and strategies on the way to address these issues.
Particularities in the design of bioelectrodes
The electrical wiring of a bioactive compound to an electrochemical transducer in an efficient way is a prerequisite for almost all technologically relevant bioelectrocatalytic processes [34] [35] [36] [37] [38] . Establishing an electrical contact between the enzyme and an electrode is possible via two different routes: in a direct electron transfer (DET) regime, that is, electrons are directly transferred between surface exposed active sites and the electrode surface ( Fig. 1b ), and in a mediated electron transfer (MET) regime in which a molecular redox mediator shuttles electrons between the prosthetic group of the enzyme and a solid current collector ( Fig. 1c ). For a successful and productive DET, the distance between the redox active site within the enzyme and the electrode surface must be short (<2.5 nm) 37 . Hence, this method is restricted to enzymes where the redox active site or an internal electron transfer relay is exposed to the protein surface. Evidently, this leads to low catalyst loadings, since only enzymes that are in a monolayer at the electrode revealing correct anisotropic orientation will contribute to the electron exchange. On the other hand, in a MET regime, electron transport is secured by diffusible molecular redox mediators that can access even deeply buried prosthetic groups within bulky protein structures like the flavin adenine dinucleotide (FAD) in glucose oxidase (Fig. 1c) . In contrast to the DET mode, electrical wiring in a MET regime is independent from enzyme orientation and thus substantially increases the number of productively wired enzyme molecules. Moreover, the molecular electron transfer mediators can be bound to hydrophilic, chemically stable and inert polymer backbones. These so-called redox polymers or redox hydrogels 35, 36, 39 do not only act as an electron relay matrix but also as a highly solvated three-dimensional supporting matrix and thus provide a stabilizing effect for many biocatalysts in the immobilized state. For a more detailed discussion on the electrical wiring of enzymes via a DET or a MET regime, the reader is referred to more specialized Reviews on the topic, see refs. 10, 22, 34, [36] [37] [38] .
limiting factors in current technologies
In the following sections, we will first identify the main limitations in the fabrication of technologically relevant hydrogenase-based biofuel cells and photoelectrochemical devices. We will highlight enzyme and application related limitations.
General restrictions and enzyme related limitations. Nature has developed very specific and highly active biocatalysts that reach their optimum turnover usually under mild and well-defined conditions and environments (aqueous conditions, neutral pH, low pressures and moderate temperatures). Although such mild conditions are highly desired for many technological applications to minimize additional energy costs, this limits the scope of application of biocatalysts and restricts the performance of corresponding devices such as the maximum achievable voltage output, which cannot exceed the water decomposition voltage, an intrinsic limitation. Hence, it is even more important to be aware of other limitations that can be addressed by a careful electrode design and/or immobilization strategy.
Many proteins can only be expressed in rather small, lab-scale quantities using tedious procedures, for example, under strictly anaerobic conditions, as is the case of many hydrogenases 29 , leading to a limited large-scale accessibility of the active catalyst. In addition, the production of mutants that reveal adjusted properties or enzymes overexpressed in specific organisms and/or media may be restricted to the lab-scale. Their sensitivity towards interferences also hampers the use of enzymes in biotechnological devices. For instance, many highly active hydrogenases are extremely sensitive towards high potentials and even traces of O 2 (refs. 9, 29 ). Moreover, reactive oxygen species generated by the partial reduction of O 2 can have detrimental effects on the bioactive element. This might be of particular importance when O 2 acts as the electron acceptor for the redox protein. Another severe problem that hampers the fabrication of high-current-density bioelectrodes is related to a low surface concentration of active sites on conventional electrode materials because of the spatial demand of the large biomolecules, which inevitably leads to a low specific power density in a corresponding device. This is particularly relevant for the use of photosynthetic proteins constituted of a complex assembly of different pigments, antennae and proteins, in addition to the core system performing the photochemical process. A dense packing of biomolecules and the possibility for fabrication of three-dimensional structures, as well as an effective wiring of a large number of immobilized redox proteins is desired in order to obtain the maximum performance per unit area.
Limitations in hydrogenase-based H 2 /O 2 biofuel cells.
One of the main limitations in H 2 /O 2 powered biofuel cells is the low solubility of these gases in aqueous electrolytes (in the mM range) that goes along with a slow mass transport of the substrate towards the electrode surface. This drastically limits the current output at both the anode (H 2 oxidation) and cathode (O 2 reduction). Although the mass transport can be easily enhanced by applying forced convection, for example, by the introduction of rotating electrodes 40 , this approach is unpractical for real-world applications, since additional energy has to be added in the form of a motive force. Thus, other ways of enhancing the substrate flux towards the electrode have to be applied.
Besides the irreversible inactivation of many hydrogenases by even traces of O 2 , the direct reduction of O 2 at the anodic current collector, or at low potential redox mediators, produces parasitic cathodic currents that counteract the H 2 oxidation current and thus diminishes the power output. Thus, interaction of O 2 with the anode should be avoided by using functional electrodes and/or cell design or by the incorporation of protection or O 2 scavenging systems.
Limitations in biophotoelectrodes for solar energy harvesting.
Specific limitations arise as a result of the complex nature of photoactive biomolecules PSI, PSII and RCs (Fig. 2 ) that are mainly related to their low operational performance and restricted stability. The comparative simplicity and well-studied structure of RCs has prompted the report of a great variety of examples for integration of RCs with different electrode substrates 41, 42 . However, although RCs present certain advantages, the energy provided by charge separation is limited in comparison to that provided by PSI or PSII ( Fig. 2a ). PSII is the only known biomolecule capable of catalysing the photooxidation of water, encouraging an envisioned sustainable approach for energy conversion based on light-induced water splitting for the generation of fuels of interest, for example, H 2 (ref. 43 ). However, the short half-life of the isolated protein complex of only about 15 min 44 challenges any potential practical applications 44, 45 . Considerably higher stability is revealed by bacterial RCs and PSI. PSI is a remarkably stable protein complex capable of providing electrons after light-induced charge separation for the reduction of, for example, protons or CO 2 41, 44, 46 . Moreover, PSI is a more promiscuous protein complex, acting as a natural photodiode capable of accepting and transferring electrons from and to a wide variety of molecules and electrode surfaces in addition to the native partners involved in the photosynthetic process 46 . Nonetheless, even though an extended life-time has been achieved when bioelectrodes are stored in the dark at low temperatures, their stability has been found to last only from a few minutes to a maximum of a few hours under continuous operation 41 . In the absence of natural protection mechanisms, isolated PSI has been shown to suffer from inactivation pathways related to the production of partially reduced reactive oxygen species under irradiation 47 . In comparison, as a result of the much lower energy electrons generated at RCs, further possible reactions between electron acceptors and O 2 do not occur at a substantial rate, providing a certain decreased vulnerability against reactive oxygen species 44 . One of the major differences in the development of biophotoelectrodes is based on the directionality of electron transfer. While the use of conventional redox enzymes implies an unidirectional electron transfer with the electrode surface during catalytic conversion of the substrate, the use of light-driven reactions makes the occurrence of two opposing electron transfer pathways possible. On light-induced charge separation, the photosynthetic protein attains two sites of opposite charge (Fig. 2b) . Thus, in addition to the desired unidirectional electron flow leading to photocurrent generation, intramolecular recombination of the generated highenergy electrons or short-circuiting of the electron acceptors at the photoelectrode surface may occur. These undesired processes compete with the intended electron transfer for photocurrent generation and may cause an at least partial cancelling out of the generated photocurrent 48 . The spatial proximity between highly oxidizing and highly reducing redox species provides a large driving force for the possible backflow of electrons when isolated photosynthetic protein complexes are used. Therefore, one of the most particularly challenging aspects of using photoactive biomolecules is the limitation in performance as a result of operation under non-optimal conditions. Moreover, since the resulting output current in the presence of recombination or short-circuiting processes may resemble that of an electrode of lower activity, this is an often unseen issue in suggested biophotoelectrodes 44 . This highlights the importance of a controlled orientation of immobilized biomolecules and an efficient interface of terminal redox centres in order to maximize the efficiency of a related device.
Another important factor required for increasing the efficiency of semi-artificial biophotovoltaic devices is related to the characteristic electromagnetic radiation absorption of photosynthetic protein complexes. Although the natural systems present a quantum efficiency approaching 100% for the photon-to-electron conversion, only a limited percentage of natural sunlight is absorbed, leading to an overall rather modest solar conversion efficiency 44, 46, 49 . Hence, it is of extreme interest to increase the range of absorption spectra that can be exploited in implemented biophotodevices.
Strategies to overcome important limitations
In the following sections, we will introduce procedures and protocols that address the main limitations in the fabrication of highperformance devices. Again, we will discuss enzyme related and method-directed approaches.
Protection and reactivation of hydrogenases in H 2 -oxidation bioanodes.
In case of hydrogenase-based H 2 /O 2 fuel cells, the instability of the anodic biocatalyst against high potentials, and in particular against O 2 , is the main limiting factor in the fabrication of long-term stable bioanodes. However, as shown recently, low potential viologen modified redox polymers are not only able to immobilize and electrically wire hydrogenases, but also to protect these enzymes against O 2 and high-potential inactivation [50] [51] [52] . The low-potential redox polymer acts as an excellent catalyst for the O 2 reduction reaction and eliminates incoming O 2 at the polymerelectrolyte interface. The electrons for the reduction of detrimental O 2 are delivered directly from the hydrogenase via H 2 oxidation ( Fig. 3a and b) 50 . Moreover, the polymer serves as a Nernst buffer system, and thus prevents application of high potentials to the enzyme inside the hydrogel layer ( Fig. 3a and b ). This concept was successfully applied for the protection of the air sensitive [NiFe] 50 and [NiFeSe] 52 hydrogenases and even for highly fragile [FeFe] hydrogenases 51 . The efficient protection via the polymer matrices even allowed the fabrication of membrane-free H 2 /O 2 fuel cells 50 . In addition, the viologen modified polymer provides a stable immobilization matrix for the hydrogenases, leading to a half-life of the polymer/hydrogenasebased bioanode under turnover of about 46 days 50 .
The reactivation of aerobically deactivated hydrogenases is well known for hydrogenases wired via a DET regime 29 , but was not demonstrated for the MET case so far. However, the potential of the polymer bound reduced viologen moieties is low enough to reactivate the inactive enzyme after extensive O 2 exposure, even in the absence of the reductant H 2 52, 53 . Hence, reactivation was independently shown for the [NiFe] hydrogenase from Desulfovibrio vulgaris Miyazaki F by Kano and co-workers 54 and our group 53 , as well as for the [NiFeSe] hydrogenase from Desulfovibrio vulgaris Hildenborough 52 . Reactivation via the immobilization matrix is a major advantage in biofuel cell technologies, since the activity of the electrode can be simply restored by applying cathodic potential pulses and hence potentially circumvent the replacement of a deactivated electrode.
A drawback of redox polymer assisted protection is the requirement of a certain amount of catalyst that is involved in the protection mechanism (electrons are delivered from H 2 oxidation via the hydrogenase). Catalysts in the outer layer of the film will thus not contribute to the collected current but will be consumed for protection. O 2 consumption and was used earlier to ensure anaerobic conditions in solution during electrochemical experiments 55, 56 . In the presence of glucose, the oxidase (glucose or pyranose oxidase) removes O 2 by the conversion of the sugar. Harmful H 2 O 2 , generated during the oxidation of glucose with O 2 , is further converted into harmless H 2 O and ½O 2 . The latter is again used by the oxidase. Thus, in each catalytic cycle ½O 2 is removed. The scavenging layer prevents O 2 from reaching the active H 2 -oxidation layer and no hydrogenase activity is consumed for protection. Consequently, a constant current output was observed even in the presence of O 2 (Fig. 3d ). Since glucose is required to power the scavenging system, this anode was combined with an oxidase/horseradish peroxidase-based biocathode that reduces in situ generated H 2 O 2 (generated by oxidation of glucose with O 2 ) at the horseradish peroxidase (Fig. 3c) . The horseradish peroxidase was wired via a nanostructured carbon interface (carbon microfibers decorated with carbon nanotubes immobilized on a carbon cloth-based support) that ensures the wiring of this enzyme via the high potential iron-oxo complex compound I. The resulting H 2 /glucose powered biofuel cell showed a remarkable open circuit voltage of 1.15 V with a maximum power density of ≈0.5 mW cm -2 . Interestingly, not only low potential redox polymers or O 2 scavenging systems can protect the fragile biocatalyst, but the enzyme itself can actually function as a protection system. This was demonstrated for the heterotrimeric membrane bound [NiFe] hydrogenase from Ralstonia eutropha, together with the membraneintegral cytochrome b subunit, by the Jeuken group 57 . It was proposed that the inactive form of the heterotrimer is reactivated by a second reduced form, since the enzyme forms oligomeric structures in which the distance between the distal Fe-S clusters is short and electron transfer is possible. However, the authors could not exclude that quinones, which were immobilized in the lipid bilayer and act as electron relay between the enzyme and the electrode, are involved in the activation/protection process as well.
Overcoming mass transport limitations using gas diffusion electrodes. To overcome mass transport limitations in biofuel cells, gas diffusion electrodes (Fig. 4a ) have gained great attention 58, 59 . By establishing a triple-phase boundary at the catalyst-electrolytesubstrate interface, substrate saturation conditions are attained at each catalytic site. Gas diffusion layers exhibit a porous nature and thus high permeability for gases in combination with porous barrier layers comprising a hydrophobic and inert material such as Teflon to prevent leaking of the electrolyte. The hydrophobicity evidently affects the surface properties and may hamper catalyst immobilization, especially when hydrophilic materials like water-soluble enzymes or hydrogels are used. On the other hand, the porous nature of the electrode will also ensure a high catalyst loading even when operated in a DET regime.
Although gas diffusion electrodes are well established in conventional H 2 /O 2 fuel cells, as well as in enzymatic fuel cells as high current density O 2 reducing biocathodes 60 , the use of hydrogenase-based gas diffusion electrodes was addressed only recently. In particular, only a few types of hydrogenases could be successfully wired to gas diffusion H 2 DET mode 61, 62 . Outstanding current densities of up to 10 mA cm -2 for H 2 -oxidation were obtained in half-cell measurements; the highest reported value for a hydrogenase-based H 2 -oxidation electrode so far. Gentil and co-workers reported the fabrication of carbon nanotube (CNT)-based gas diffusion layers modified with a [NiFeSe] hydrogenase from Desulfomicrobium baculatum 63 . Chemical modification of the CNTs ensured a controlled orientation of the enzyme and thus a favoured direct electron transfer rate.
Such hydrogenase-based gas diffusion H 2 -oxidation electrodes could be successfully combined with gas diffusion O 2 -reduction electrodes for the fabrication of dual gas-diffusion H 2 /(air)O 2 powered biofuel cells (Fig. 4b) with remarkable power outputs in the mW cm -2 range [61] [62] [63] . We want to emphasize that the value of 8.4 mW cm -2 at a cell voltage of 0.7 V reported by the Kano group in ref. 61 , which is often used as benchmark for the evaluation of the performance of a H 2 /O 2 biofuel cell, is a theoretical value, calculated from the Fig. 5 | Synthesis of artificial enzymes. a,b , Artificial maturation process between the h-cluster of the hydAB [FeFe] hydrogenase and the unmatured hydAB (a) and synthetic di-iron complex connected to a [4Fe-4S] h cluster showing possible alterations in the ligand and metal centre (b). In a, only the binding pocket of the hydAB hydrogenases is shown containing the Cys-S-[4Fe-4S] binding site. Credit: panel a reproduced from ref. 76 performance of the individual half-cells. Thus, care must be taken by comparing literature values since, in a complete biofuel cell, losses due to solution resistance and parasitic currents (for example, O 2 reduction at the low potential anode) might significantly reduce the maximum power output. The highest power density measured in a fully assembled dual gas-diffusion membrane-free H 2 /O 2 biofuel cell operated in DET mode was also reported by the Kano group with 6.1 mW cm -2 at 0.72 V (ref. 62 ).
Beside the enhanced mass transport in gas diffusion systems, the use of such electrodes possesses a second advantage, that is, the separated supply of the fuel (H 2 ) and the oxidant (O 2 ). In a conventional cell, especially a membrane-free biofuel cell, this is not possible since the gases are purged through the electrolyte. However, when working with air-sensitive hydrogenases, such as [FeFe] hydrogenases, even O 2 traces at the anode side will (irreversibly) inactivate the catalyst. This effect can be minimized or even prevented in gas diffusion systems when the biocathode is substrate limited. Nevertheless, high-potential deactivation observed for most of the hydrogenases remains an issue when the enzyme is connected in DET mode. Thus, in a collaboration with the Lubitz and Pereira groups we were able to transpose the concept of polymer-based protection matrices to gas diffusion layers 64 . By introducing tailor-made low-potential viologen-modified polymers, we were able to protect the sensitive [NiFe] and [NiFeSe] hydrogenases when immobilized on porous gas diffusion layers, in analogy to the polymer/hydrogenase films reported for flat glassy carbon electrodes as discussed above [50] [51] [52] . Current densities of up to 8 mA cm -2 (Fig. 4c) were reached that represent a benchmark for a polymer/hydrogenase-based H 2 -oxidation electrode.
Moreover, the electrodes could be integrated in a dual gas-diffusion H 2 /air biofuel cell (biocathode: bilirubin oxidase operated in DET mode) exhibiting a power output of 3.6 mW cm -2 (Fig. 4d) . A key-step in the modification of the hydrophobic teflonized gas diffusion layers was the synthesis of a redox hydrogel with decreased hydrophilicity that could be implemented as adhesion layer for the hydrophilic active polymer/enzyme layer.
Although the power output that is achieved with gas diffusion bioelectrodes is still far below of those obtained with Pt-based fuel cells, the introduction of protection matrices ensures highly stable bioanodes retaining remarkable activities for H 2 -oxidation. This concept may not be restricted to hydrogenases but might be transposable to other air-sensitive catalysts as it was demonstrated for molecular H 2 -oxidation catalysts of the DuBois-type that could be successfully protected by integration into a lowpotential redox polymer matrix 65 . Modification of gas diffusion layers led to H 2 -oxidation currents similar to those measured for hydrogenases 64 .
Artificial maturation, synthetic hydrogenases and bioinspired molecular catalysts. Enzyme engineering has proven to be a powerful method to generate biocatalysts with adjusted properties that match the prerequisites of their intended usage (see ref. 66 for glucose oxidase as a prominent example). In 2013 Berggren and co-workers 67 and Esselborn and co-workers 68 demonstrated that un-matured [FeFe] hydrogenases can be activated by combining the apo-enzyme with the active di-iron complex, the so-called H-cluster (active site of the [FeFe] hydrogenase), that was synthesized in the lab 67, 69 (Fig. 5a ). During this artificial maturation process the holo-enzyme becomes fully functional, and activation occurred spontaneously without the need of auxiliary reagents or helper proteins. In contrast, the free H-cluster alone fails to reproduce the high activity of the native enzyme 70 . Since both protein-based or protein-inspired hosts and the synthetic active sites can be produced in rather high amounts 69, 71, 72 , it is anticipated that artificial maturation will have great impact on the availability of these enzymes for large scale applications. In addition, artificial maturation might facilitate preparation of active electrodes in devices since the electrode could be activated in situ by exposure of apo-enzyme modified electrodes to freely diffusing active sites in solution, as demonstrated for [FeFe] hydrogenase under controlled potential conditions by the Armstrong group 73 .
Moreover, the synthetic route to the active H-cluster allowed for the exchange of distinct ligands in the di-iron complex 69, 70 and thus enabled the adjustment of properties of these synthetic enzymes, for example, altering activity and stability [74] [75] [76] (Fig. 5b) . Besides mechanistic insight, this may open new ways to fine tune enzyme properties, for example, by tuning the resistance of the enzyme against interferences or allow for a faster electron transfer with electrodes.
Artificial maturation also allows the precise analysis of the surrounding protein shell already at the level of the rather insensitive apo-enzyme. This is of particular importance for the design of welladjusted immobilization matrices (biologic or artificial 72 ) for the synthetic H-cluster and more general for artificial molecular catalysts that are modelled after the active sites of the enzymes.
Improving the efficiency of biophotoelectrodes. Although, to date, biophotovoltaic devices are not suitable for practical applications, considerable progress has been made concerning fundamental understanding and possible solutions for overcoming the limitations faced in the development of semi-artificial devices for energy conversion and photocurrent generation. Common methods to interface photoactive biomolecules made use of self-assembled monolayers (SAMs) functionalized with different terminal groups to obtain a certain degree of anisotropic orientation of the immobilized protein and proved the importance of retaining the functionality of the biomolecules for an extended period of time in order to attain a practical device 46, 77 . Later approaches introduced the directional assembly of PSI after modification of graphene electrode surfaces by π-π stacking with pyrenebutyric acid-NHS ester (NHS = N-hydroxysuccinimide) 78, 79 and by using immobilized cytochrome c as a template 80, 81 . Controlled orientation of immobilized protein complexes was also achieved by Langmuir-Blodgett assisted deposition of a PSI monolayer interfaced in a layered construction 82 and by using more complex strategies such as the selection of specific binding peptides for PSI by phage display 83 .
Numerous approaches for electric wiring making use of redox mediators further proved the possibility for an increase in the obtained current densities, as a larger amount of biomolecules could be incorporated in the modified electrode surface while being electrically wired via a MET regime 32, 84 . As the increase in protein loading is directly related to larger photocurrent densities, the use of porous electrode substrates exhibiting a high surface area has enabled considerably improved performances, as shown for RCs 85 , PSII 86 and PSI 87 modified electrodes. Moreover, combination of high surface area electrodes with redox polymers (Fig. 6a ) has permitted the achievement of faster turnover rates due to the MET regime, while simultaneously enabling the loading of a large amount of protein complexes, setting benchmark photocurrents for a PSIIbased biophotoanode (Fig. 6b ) that even allowed quantification of O 2 from water oxidation (Fig. 6c) 88 . Moreover, these high current density biophotoanodes could be combined with a H 2 -producing hydrogenase biocathode (Fig. 6d) 43 . The corresponding photoelectrochemical cell could be used for bias-free water splitting and thus solar driven H 2 formation.
With the purpose of improving the efficiency of biophotovoltaic devices, semiconductor materials have been exploited to limit shortcircuiting processes by minimizing kinetics for re-oxidation of the electron acceptor at the photoelectrode. Hence, substantial photocurrents have been shown even with randomly oriented immobilized protein complexes 89 . Moreover, the development of solid-state configurations able to additionally circumvent the limited mass transport of mediators involving RCs 90 and PSI 91 became possible. Among the highest photocurrents reported to date have been obtained by integration of photosynthetic protein complexes with advanced semiconductor architectures, as shown for nanostructured TiO 2 modified by electrospray deposition of PSI 92 . However, in comparison with present dye-sensitized solar cell technologies, the performance of semi-artificial assemblies is considerably poor and the feasibility for scale-up is rather limited due to the expensive high-purity semiconductors 22 .
Additional approaches were related to the extraction of electrons from intermediate cofactors deeply buried within the photosynthetic protein complexes that would enable the bypassing of further cofactors involved in the internal electron transfer chain and therefore would provide electrons with higher energies, as it was shown, for PSI 93, 94 (Fig. 7) .
Moreover, in the quest for applied biophotovoltaic devices it is of utmost importance to achieve an improved lifetime of biophotoelectrodes. Therefore, an improved understanding of inactivation processes and the implementation of possible strategies prolonging the stability are highly required. In this context, it was recently shown that preventing the harmful effects of reactive oxygen species by operation of a PSI-based photocathode under the exclusion of O 2 provided a considerably extended operational lifetime 95 .
Concluding remarks
Although the results presented for the particular cases of hydrogenase-based biofuel cells and biophotoelectrodes indeed show that significant breakthroughs have already been achieved on the way of real-world applications of bioelectrodes, most systems are still only accessible at lab scale. Hence, the discovery of new redox enzymes with new properties, main fundamental advances on catalytic mechanisms on the understanding of the behaviour of redox enzymes and their change of conformation once immobilized on electrochemical interfaces is of utmost importance for future progress in this field. Hence, praising these technologies -as it is commonly done in many introductory parts of related papers -as serious attempts to replace current technologies might be questionable to some extent. Moreover, one should keep in mind that in most cases the enzyme biocatalysts can be only considered as model systems, and further research has to be conducted to gain access to synthetic tailor-made bioinspired systems that can be produced in large quantities under controlled and efficient conditions, but still resembling the catalytic performances of their biological archetypes. This will give access to bioinspired electrocatalytic processes that might indeed become relevant for real-world applications. However, to achieve this goal still a deeper understanding of the fundamental bioelectrochemical processes is required for a more rational design of active materials and semi-artificial devices. As a result, researchers should be aware of the fact that not every new biodevice will immediately solve all energy related problems, but may deliver important fundamental understandings that will enable us to bring these devices a step closer to state-of-the-art technologies.
Finally, it is of particular importance for the impact and significance of future reports in these field of research to include a full specification of experimental conditions used during the characterization of (photo)bioelectrodes, facilitating a thorough and fair comparison of results reported from different laboratories. For example, when comparing the performance of different bioelectrodes, very often only absolute numbers such as current or power density are provided, which may lead to an underestimation or even to a misinterpretation of the true benefits of the approach. For instance, the development of new protection matrixes aims for a better stability of a given system, which might be demonstrated under well-ordered and defined conditions, for example, by using flat and smooth electrode surfaces. Hence, comparison of such electrodes in terms of current density with high surface area materials intended for the use in real devices is of course inappropriate. Evidently, the most accurate quantity for normalizing currents is the catalyst loading as it was thoroughly demonstrated by Lojou and co-workers 40 . However, the exact number of wired enzymes is sometimes difficult to estimate or even inaccessible and normalizing by the geometrical or projected surface area is a common way to compare results obtained with different electrodes. Hence, we propose that in addition to current density or power density, additional results obtained by normalization with double-layer capacitance of the electrode, the electrochemical active surface area, if accessible, has to be provided. Moreover, it is important to disclose the activity of the used biocatalyst. Overall, overpromising will lead to disappointment, and we are convinced that by further elucidating and optimizing enzyme-based electrocatalysis, and solving stability issues and the availability of biocatalysts, this filed of research has the ability to contribute to solving important energy related questions in the future.
